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Abstract. Emissions factors (EFs) for gas and sub-micron ment methodologies consistently demonstrate that the mea-
particle-phase species were measured in intercepted plumesired EFs (fuel mass basis) for Pivhass, BC and POM

as a function of vessel speed from an underway research veslecreased as the ship slowed. Particle number EFs were ap-
sel, the NOAA shipMiller Freeman operating a medium-  proximately constant across the speed change, with a shift to-
speed diesel engine on low-sulfur marine gas oil (fuel sul-wards smaller particles being emitted at slower speeds. Emis-
fur content~ 0.1 % by weight). The low-sulfur fuel in use sions factors for gas-phase CO and formaldehyde (HCHO)
conforms to the MARPOL fuel sulfur limit within emission both increased as the vessel slowed, while EFs fogx N&
control areas set to take effect in 2015 and to California-creased and SCEFs were approximately constant.

specific limits set to take effect in 2014. For many of the

particle-phase species, EFs were determined using multiple

measurement methodologies, allowing for an assessment of

how well EFs from different techniques agree. The total sub-1  Introduction

micron PM (PM) was dominated by particulate black car-

bon (BC) and particulate organic matter (POM), with an av- Emissions of particulate matter (PM) and trace gases from
erage POM/BC ratio of 1.3. Consideration of the POM/BC Ships operating in the open ocean as well as in coastal and
ratios observed here with literature studies suggests that lagbland waterway areas have significant impacts on air qual-
oratory and in-stack measurement methods may overestity and climate (Corbett et al., 2007; Fuglestvedt et al.,
mate primary POM EFs relative to those observed in emit-2009). Quantification of these impacts requires use of de-
ted plumes. Comparison of four different methods for black tailed emissions inventories and the specification of emission
carbon measurement indicates that careful attention mud@ctors (EFs) to determine the spatial distribution of emis-
be paid to instrument limitations and biases when assesssions. Emission factors for ships are commonly determined
ing EFgc. Particulate sulfate (Sij) EFs were extremely from (i) direct stack sampling of in-use ships, (i) interception

small and the particles emitted biller Freemanwere in- of emitted plumes from in-use ships or (iii) from test engines
efficient as cloud condensation nuclei (CCN), even at highin laboratories. Various studies indicate that EFs for total PM

super saturations, consistent with the use of very low-sulfur2d different PM species can be highly variable between dif-

fuel and the overall small emitted particle sizes. All measure-f€reént ships. This variability reflects real differences in ship
operation and the resulting emissions, but may also reflect
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differences between the measurement or sampling methodsessment of the influence of vessel speed on the emissions
ologies employed between different studies. Detailed characfrom vessels of this type. Theliller Freemanis a 65.5m
terization of the emissions from a single ship using multiple (215 ft) fisheries and oceanographic research vessel with a
measurement techniques for a given species can facilitate ureruising speed of 11 knots operating a controllable pitch pro-
derstanding of the role that methodological differences playpeller (NOAA, 2010). The single main engine is a 1.64 MW,
in determining measured EFs. 2-stroke, geared medium-speed diesel (MSD) with variable-
In addition, changes in engine load, which often corre-speed operation from General Electric that is equipped with
spond to changes in vessel speed, are known (LIoyd’s Rega blower and has a rated power of 2.2 kepl(47 kW). The
ister Engineering Services, 1995) to have a large influencéMiller Freemanis an older vessel, launched in 1967, that was
on the overall efficiency of the combustion process, with fueldecommissioned in 2013. During the plume intercepts the
economy Fecon €.0., km (kg fuelyl) often increasing with  Miller Freemanwas operating on a mix of “ultra-low sul-
decreasing speed and engine load. This increase in fuel efur diesel from California mixed with standard marine diesel
ficiency generally translates to a decrease in emissions fofrom Washington [state]” (P. Murphy, personal communica-
a given pollutant, however the magnitude of the change igion, 2010). Fuel samples were not available for off-line anal-
modified by the specific response of the emission factor foryses, but as we show later the fuel sulfur content is estimated
that pollutant to the change in speed (Lack et al., 2011).to be around 0.1 % by weight, consistent with marine gas oil
Such efficiency gains have motivated consideration and im{MGO) or marine distillate oil (MDO) fuels, which will be
plementation of speed restrictions (or a fuel tax aimed atreferred to generically as low-sulfur fuels (LSF). The low-
speed reduction) near some coastal and port regions or alorgulfur fuel in use conforms to the International Convention
shipping routes (Corbett et al., 2009; Buhaug et al., 2009)for the Prevention of Pollution from Ships (MARPOL) fuel
Most such efforts are aimed at decreasing emissions fronsulfur limit within emission control areas set to take effect
large ocean-going vessels. However, the operation of smallein 2015 (International Maritime Organization, 2013) and to
crafts near coastal regions and inland waterways also conCalifornia-specific limits set to take effect in 2014 (Califor-
tributes to local pollution (Corbett and Fischbeck, 2000), nia Air Resources Board, 2011).
and thus the dependence of their emissions on vessel speedThe measurements reported here therefore provide a case
must also be understood so that appropriate pollution constudy allowing for assessment of how well different measure-
trol strategies in those regions can be developed. This is pament techniques agree in terms of the derived EFs and for the
ticularly the case for smaller vessels that are likely to oper-influence of vessel speed on older, smaller MSD vessels op-
ate at speeds and engine loads that are more variable tharating on LSF, which are an important class of vessels that
large ocean-going vessels. Furthermore, vessels that operatgerate in near-coastal and inland waterways. For example,
in shorter time-frame service operations near coastal enviplumes were encountered for a number of other MSD ves-
ronments have highly variable load distributions and agessels with build years ranging from 1952 to 2006 during Cal-
and thus it is necessary to characterize emissions factors andex, with most of these being pre-1990 vessels. This is gen-
their speed dependence for both newer and older vessels. Derally consistent with the average age (as of 2010) of “other”
velopment of next-generation emissions inventories will re-vessels (i.e., exclusive of container, bulk, cargo and tanker
sult from such higher-resolution assessments of the depensessels) in the world merchant fleet being 25 yr (United Na-
dence of and variations in engine load distributions, fleet agdions Conference on Trade and Development, 2011) and with
and emission factor with engine load, engine age and vessel3 % of such vessels (i.e., passenger, offshore, service and
speed (Wang and Minjares, 2013). tugs) in 2011 being older than 25yr (Equasis, 2012). Fur-
Here, we report measurements of both PM and gas-phasther, larger ocean-going vessels are increasingly having to
EF values for a series of plumes emitted by the NOAA shipswitch to LSFs from the commonly used high-sulfur heavy
Miller Freeman which was in transit within regulated wa- fuel oil (HFO, or bunker fuel) during operation near coasts
ters off the coast of Santa Barbara, CA and intercepted dur(US EPA, 2010; California Air Resources Board, 2011). (Al-
ing the 2010 CalNex field campaign (Ryerson et al., 2013).though there were plumes from many other ships intercepted
Regulated waters correspond to the region within 24 nauticatluring CalNex, not all instruments were operating at all times
miles of the CA baseline where, as of 1 July 2009, ocean-under conditions that allow for determination of EFs, and
going vessels were required to utilize fuels witi.5% sul-  thus we restrict this study to the ship for which the most com-
fur (California Air Resources Board, 2011). (The fuel sul- prehensive measurements are available.) The results here are
fur requirement has since been reducegtb%, as of Au- compared with literature results from test-rig, in-stack and
gust 2012 and will further decrease4d.1% in 2014.) The plume studies to place them in the broader context that is
PM measurements were made using a suite of different measecessary for development of next-generation emissions in-
surement technigues, some of which overlap in terms of theventories.
specific PM species measured. In addition, the intercepted
plumes were emitted while thidiller Freemanoperated at
four different but constant speeds, and thus enables an as-
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2 Experimental particulate S@f, NO3, NHZ, CI~ and particulate organic
matter (POM), a single particle soot photometer (SP2) for
Emissions factors for PM and trace gases (CO,,3CHO refractory BC (rBC) particle mass and number concentra-
and NQ,) were measured using the plume intercept methodions and size distributions (Schwarz et al., 2006), a soot-
(also known as the “sniffer” method), wherein concentra- particle AMS (SP-AMS) for refractory BC particle mass and
tions of the pollutants are measured in a plume that is in-POM and S@ , NO3, NH; and CI- coating mass concen-
tercepted downwind of the vessel of interest, hereMiiker trations (Onasch et al., 2012), an ultrafine (CN>3 nm; TSI
Freeman One benefit of the plume intercept method is that model 3025) and mixing (CN > 12 nm; Brechtel Manufactur-
atmospherically relevant dilution factors and temperaturesing) condensation particle counter (CPC) for particle conden-
are achieved by the time the plume is sampled, althoughsation nuclei (CN) number concentrations, a cloud conden-
the exact extent of dilution varies for each plume and thesation nuclei (CCN) counter (Roberts and Nenes, 2005), a
plume must be identifiable above background concentraphoto-acoustic spectrometer (PAS, operating at 532 nm and
tions. Gas-phase and PM measurements were made onboa4d5 nm) for light absorption (Lack et al., 2012), one three-
the NOAA-sponsored Woods Hole R/Atlantis as part of  wavelength particle soot absorption photometer (PSAP, at
the CalNex field campaign (Ryerson et al., 2013). The emis-450, 530 and 700 nm) for light absorption (Virkkula et al.,
sions plume fromMiller Freemanwas intercepted on five oc-  2005), a cavity ringdown spectrometer (CRD, at 532 nm)
casions on 19 May 2010, witiiller Freemantraveling at  for light extinction and optical hygroscopicity measurements
four different speeds: 2.9 knots, 6.9 knots (twice), 10.2 knots(Langridge et al., 2011) and a scanning mobility particle sizer
and 12knots. The coordinated effort between the ships al{SMPS) for particle size distribution measurement operating
lowed for measurements to be made in plumes that wer&vith a scan time of 2.5 min. Corrections to the HR-AMS and
emitted whenMiller Freemanwas traveling at a constant SP-AMS to account for the instrumental CE are required.
speed. Plumes fromdiller Freemanwere identified by com-  For the HR-AMS, a CE <1 is mostly caused by bounce of
bining the relative ship positions with the local wind di- particles from the internal vaporizer surface (Huffman et al.,
rection and wind speed data measured fidttantis Using  2005; Matthew et al., 2008). For the HR-AMS, a collection
these data, local back-trajectories fratlantis were com-  efficiency (CE) of 1.0 has been assumed; this means that the
puted by simple vector analysis to determine the location ofEFs determined from this instrument are lower limits. While
and speed at whichiller Freemanwas cruising at the time  the CE for HR-AMS is mostly caused by particle bounce,
the pollutants were emitted and to estimate the age of eacthe CE in the SP-AMS is primarily a function of the de-
plume encountered. Separation distances between the shiggee of overlap between the particle and laser beams and
were from 200 to 900 m; plume travel times were from 1 to the laser power profile in the overlapping region (Onasch et
5min (Table 1). Engine loadFpag) information is not di-  al., 2012). For the SP-AMS, a CE for rBC of G40 % is
rectly available from théiller Freeman For marine vessels used while a CE=0.44 100 % is used for non-rBC compo-
engine load is often estimated from the vessel spegdg-  nents that are internally mixed with rBC (see Supplement).
ing a cubic power law relationship (the so-called propeller Note that the precision of the measured rBC and non-rBC
law), where Figad= (4actuall umax)® (Corbett et al., 2009).  species concentrations is substantially better than the above
However, because thililler Freeman operated a control- uncertainties indicate, which account for measurement ac-
lable pitch propeller, as opposed to a fixed pitch propeller, thecuracy. The SP2 was calibrated using fullerene soot parti-
power law is likely not appropriate. Nonetheless, estimatedcles, which have been shown to give a similar response as
engine load values from the propeller law are reported hereliesel soot (Laborde et al., 2012). The SP2 measured par-
for reference. We assume that the maximum speed encounicles with volume equivalent diameterap{/ep) between
tered here, 12 knots, corresponds fy; the Fipagvaluesare 60 nm and 300 nm. The SP2 rBC concentrations were cor-
then 1.4 %, 19 %, 61 % and 100 %, respectively. This lowestrected for the measured particle detection efficiency of 0.7
Fioad Value is lower than typical values under idling condi- for particles withdp, vep >100nm. Fordy vep <100nm, a
tions, indicating a likely failure of the propeller law for this size-dependent detection efficiency was applied to the data to
vessel. The encounter occurred during late afternoon whemaccount for the fall off in instrument sensitivity (see Supple-
the temperature was between 11and 12.2C and the  ment; Schwarz et al., 2010; Liggio et al., 2012). Overall un-
relative humidity was between 88 % and 93 % (although par-certainties for the particle measurement instrumentation are
ticles were dried before sampling). estimated to be-35%/ — 15 % (HR-AMS),+100/ — 20 %

A table listing the instrumentation used as part of this (SP2)4-40 % (SP-AMS, rBC);:100 % (SP-AMS; non-BC),
study is provided in the Supplement. Gas-phase measure+5% (CN), £10% (CCN),+7 % (PAS, 532 nm)+15%
ments included CQ NOx, CO, SGQ and HCHO with un-  (PAS, 405 nm)#420 % (PSAP) and-1 % (CRD), when sig-
certainties of£0.25 ppmv,+20 %, +4.1% and+15% and  nals are well above their detection limits. Plume-specific de-
+9 %, respectively (Williams et al., 2009). Particle-phase tection limits, given as Di=30/+/N, were assessed, where
instrumentation included a high-resolution time-of-flight o is the standard deviation observed during the background
aerosol mass spectrometer (HR-AMS) for measurement of
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Table 1. Measured emissions factors for the NOAA sMjller Freemanas a function of vessel speed.

Speed 2.9knots 6.9 knots 6.9 knots 10.2 knots 12knots  Units
Approx. plume age 5 2 1 1 3  Minutes
Gas phase
NO2 45.6+8.2 45.7+8.2 53.3:9.6 61.1+11.0 g (kgfuelyl
SO 1.85+0.5 1.76+0.44 1.88£0.47 2.274057 g (kgfuely?
co 6.23+1.2 5.83+0.9 2.92+0.58 2.50:0.50 g (kgfuely®
HCHO 0.25+ 0.04 0.125+0.02 0.058:0.01 0.056:0.02 g (kgfuely®
Particle phase
SOZ~ (HR-AMS) <0.03 <0.15 <0.09 <0.10 <0.13 g (kgfuel}
SO{ (SP-AMS) <0.03 <0.06 <0.05 <0.05 <0.07 g (kgfuel)
OM (HR-AMS) 0.07 0.10 0.18 0.47 1.13 g (kgfueh
OM (SP-AMS) <0.03 0.19 0.23 0.53 0.86 g (kgfueh
OM (Wt. Ave) 0.05 0.10 0.18 0.47 1.10 g (kgfueh
NO3 (HR-AMS) <0.004 <0.012 <0.008 <0.006 <0.011 g (kg faél)
NO; (SP-AMS) <0.002 <0.004 <0.004 <0.003 <0.005 g (kg fuél)
NH?"r (HR-AMS) <0.02 <0.07 <0.03 <0.04 <0.05 g (kgfueh
NHi‘ (SP-AMS) <0.004 <0.006 0.003 0.003 <0.009 g (kg fuél)
CI~ (HR-AMS) <0.002 <0.005 <0.003 <0.004 0.002 g (kg fadl)
Cl~ (SP-AMS) <0.002 <0.004 <0.003 <0.003 0.003 g (kg fuél)
rBC (SP2) 0.008 0.09 0.11 0.30 0.16 g (kg fudl)
rBC (SP-AMS) 0.06 0.15 0.14 0.34 0.43 g (kg fueh)
eBC (PAS,GY 0.04 0.14 0.20 0.39 0.41 g (kgfueh
eBC (PAS,Bf 0.16 0.19 0.27 0.47 0.52 g (kgfueh
eBC (PSAP, Avé) 0.04 0.19 0.23 0.49 0.48 g (kgfueh
BC (Wt. Ave) 0.04 0.15 0.20 0.41 0.41 g (kgfueh
CN (>12nm) 1.33< 106  1.04x10® 1.61x106 1.95x10'® 1.48x 106 # (kgfuely?
CN (>3nm) 1.93<106 1.72x10'® 2.65x 1018  3.06x 1016  2.23x 106  # (kgfuel)y !
CCNE (SS= 0.7 %) 2.6x 1014 - 3.6x10M - 17x10"  #(kgfuel)!
CCN (SS=0.6 %) 8.3x 1013 - 7.0x10'3 - 6.3x108  #(kgfuel)!
CCN (SS= 0.4 %) - 27108 - - - #(kgfuelyl
CCN (SS= 0.3%) - - <1x 10%3 - #(kgfuely?
CCN/CN (S5=0.7 %) 0.021 - 0.019 - 0.008 unitless
CCN/CN (SS=0.6 %) 0.007 — 0.004 - 0.004 unitless
CCN/CN (SS=0.4%) - 0.002 - - — unitless
CCN/CN (SS=0.3%) - - - <4x 1074 — unitless
Extinction 0.83 1.60 2.10 3.37 4.05 Zntkgfuely1
PMy (ext.)! 0.21 0.40 0.52 0.84 1.01 g (kgfueh
PM; (sumy 0.09 0.25 0.38 0.88 151 g (kg fueh)
D 30 - - 48 69 nm

acalculated as equivalent NOPAssumes MAE=7.75 n? g~ 1; CAssumes MAE=10.2 nf g~ 1; 9Assumes MAE=7.5n? g~1; ©CCN measurements may
only be for a portion of a given plume due to the time-dependent supersatufﬁlle;/CN ratios have been calculated after determining CN EFs over the
same period as the CCN, and therefore may not correspond to the reported plume-averagegRMEFs; [OM] ave+ [BClave; hAssumes MEE=4 m? gL
iNumber-weighted mobility diametdialues reported as X are the plume-specific detection Iinﬁttjncertainty weighted average.

periods just before/after the plume andis the number of
data points across an individual plume. Typical value®/of

ship plume (i.e., plotted as concentration vs. time) for the
pollutant of interest is divided by the similarly calculated area

were around 70 points per plume, except for CCN (see Supunder the CQ plume. The ratio gives the EF after appropri-

plement). Absolute EF values are only reported when the
plume signals were above the detection limit.

inate unit conversion and multiplication by the mass fraction
of carbon in the fuel, which was assumed to be 0.865 (Lack

Particle-phase EFs were determined using an area-ratio
approach, where the background-subtracted area under the

Atmos. Chem. Phys., 14, 1337:352 2014
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et al., 2009; Williams et al., 2009). Specifically, 3 Results and discussion
AX,bgd icle- iSSi

EFy = - 9% . fruel, 1) 3.1 Particle-phase emissions
COp,bgd

) ] 3.1.1 Mass emission factors
whereAx bgd is the background-subtracted concentration of

species X, integrated over the entire plumeo,,pgd iS the  Emissions factors determined for all PM species that were
same for CQ and fiuei is the conversion factor between €0 measured are reported in Table 1 and shown in Fig. 1.
(in ppmv) and fuel consumed (kg fuel). The area-ratio ap-The results are provided for each of the five plumes that
proach is independent of the time-resolution of the instru-ere intercepted, which correspond to different vessel speeds
mentation (which differs between different instruments) and¢ time of emission. The EF for PMmass was deter-
has been used in other studies for calculating emission ratiogined either as the uncertainty-weighted sum of the chem-
of ship emissions (McLaren et al., 2012). Importantly, in the jcally specific measurements that were above detection lim-
plume intercept method dilution is naturally accounted for jts (j e, Efewmy.sum = EFsc+ EFpom, Where ERq, has been
because the pollutant of interest is ratioed toy@0ncentra-  excluded because it is below the detection limit for all in-
tions, and CQ is non-reactive within the plume. Gas-phase tercepts) or from the measurement of total light extinction
EFs were deter.mined using linear regression analy_sis sinc Fem,.Ext)- Overall, the two methodologies agree within un-
the time-resolution of all gas-phase instruments was identicagertainties for each intercept, although for the three slowest
and the area-ratio and linear regression methods give nearlyyeed intercepts the Ef,.sum< EFpwm,.Ext With the opposite
?dentical re_sults (Williams et al., _2009). Although fuel carbon tye for the two highest speed intercepts. This may reflect
is also emitted as CO, combustion-related hydrocarbons andpeed-dependent variations in the POM/BC ratio (discussed
particulate carbon, the majority of carbon is emitted a3 CO fyrther below), which can influence the MEE used to convert
(>99%, based on the derived EFs), and thus the determingygnt extinction to PM mass. On average, the two methods
tion of the various EFs using only Gill lead to negligible  greed to within 18 %. It is also evident that theplgE in-
biases. Given our method of determination, the EFs reportedyeases substantially with vessel speed (Fig. 1).

are related to the mass of fuel consumed, with units of emis- The Efpw, is dominated by contributions from POM and

sions ofX pelr kg of fuel (where emissions of can be in BC, with all other measured species, in particulaﬁ_s,(hon-
grams, par_tlc €s, etc.). . tributing negligibly (Fig. 1). The EF for POM was deter-
Conversion of the optical property measurements to mas ined from two independent instruments, the HR-AMS and

equivalent EFs requires specification of the mass absorptithe SP-AMS. Both methods determine POM concentrations

or mass extintion efficiency_ (M.AE or M.EE)' Specifically, via mass spectrometry, but they differ in their specific oper-
division of the measured extinction coefficient by the MEE _.. -4 importantly, the SP-AMS as operated during Cal-

yields the mass concentration of EMvhile division of the Nex was only sensitive to POM that existed in BC-containing

measured gbsorption' coefficient by the MAE yields the massparticles while the HR-AMS measures POM in all particles.
ﬁ'oncentranon ofI\jitg/zilgr;tn%C_(fBi(;)getzoldge; ?A" _2913)'The two methods are highly consistent in their general de-
4e5r§, we 7“;;% 1, 53'2 9 7 S(rﬁ —nlm)E;SO. 9 d pendence on vessel speed (Fig. 1), and the measurgs\EF
(450nm), 7. g = (532nm), 7.5mg" = (550nm) an values agreed on average to within 16 % despite the substan-

-1 —1
5'9ng| (700 nm), a'?f(.j SAEE:‘;ngh (532 nm)d. bThe ({ial uncertainty on the SP-AMS Ebym. This consistency
MAE values were specified based on that reported by Bon n behavior between the HR-AMS and SP-AMS with ves-

and I?ergs:lrom (200.6) at)fgo nm dand exgﬁpol\l/laszd tol Othegel speed suggests that a substantial fraction of the emitted
wavelengths assuming &AL dependence. The MEE values o\ mags is associated (i.e., internally mixed) with BC. The
are from Hand and Malm (2007). The uncertainty in the Con'average EFou (0.39+ 0.44 g kg fuetl) across all engine

version for MAE is~ 15 9%, While_for MEE ?t Is estimated speeds is somewhat less than the multi-ship MSD average
as at leastt30 % based on the difference in the MEE be- ¢ 55\ 44 g kg fuet?) from Lack et al. (2009), although it
tween different particle components. Final uncertainties inig important to note that nearly all of the MSD vessels sam-
the EFs were determined for each encounter for each inStrLbled by Lack et al. (2009) were tug boats, which likely have a

ment as the larger of the instrument uncertainty or the PrOP4ifferent emissions profile than a research vessel such as the

agated standard deviation measured during the backgroundiIIer Freeman As with the Efpy,, the EFou increases
(non-plume) period around each plume. with vessel speed v

The ERgc was determined using four independent meth-
ods, two that measured equivalent BC by light absorption
measurement (PAS and PSAP), one that measured the laser-
induced incandescence by refractory BC-containing parti-
cles (SP2) and one that measured the refractory BC con-
centration via mass spectrometry (SP-AMS) (Petzold et al.,

www.atmos-chem-phys.net/14/1337/2014/ Atmos. Chem. Phys., 14, 133852 2014
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Fig. 1. Measured mass or number-based emissions factors (in per kg fu@d) fotal sub-micron particulate matt€p) POM or particulate

SO}(, (c) BC, either equivalent BC (PAS and PSAP) or refractory BC (SP2 and SP-AMSjdarmmbndensation nuclei and approximate

plume age. Values have been offset from the central speed, indicated in gray, for clarity. For sulfate, error bars shown with no data point
indicate the plume-specific detection limit for that species.

2013). (We use BC to indicate both eBC and rBC in the dis- The EFsg, measurements from the HR-AMS and SP-
cussion that follows, but the distinctions should be kept inAMS were below the detection limit at all speeds, and in-
mind.) There is good agreement in thedcFvalues deter-  dicate that the S§7 contribution to the total particle mass
mined between the two absorption-based methods and this small, consistent with the use of low-sulfur fuel. d&cf
SP-AMS, while the SP2 gave systematically lower values.can also be estimated from the measureddzKSect. 3.2)
The good agreement of the PAS- and PSAP-derivedcEF based on previous results that indicate the percent conversion
values indicates that positive biases that can be associatesf SO, to p-SG  in ship plumes from MSD vessels on the
with PSAP measurements (Cappa et al., 2008; Lack et aliimescales considered here (a few minutes) is-2 % (Lack
2008a) are not significant for the plume particles, most likely et al., 2009). This yields Efo, = 0.02-0.04 g kg fuett, con-
because of the relatively large BC content. That the SP2sistent with the directly measured &f; being below the
derived ERgc is systematically lower than that determined plume-specific detection limits of the HR-AMS and SP-AMS

using the other methods suggests that a substantial fragTaple 1). As with p-S@f, EFs for particulate NQ, NH;
tion of the BC mass exists in partiCIeS with volume eqUiV- and CI~ were at or below the detection limits.

alent diameterdp, vep <60 nm. This is addressed further in
Sect. 3.1.3. This suggests that the SP2 may not be suitablg 1.2 The POM/BC ratio
for accurate determination of gE for fresh ship emissions,
although they can provide a lower limit. A similar conclu- The average particle composition calculated from the
sion has recently been reached by Buffaloe et al. (2013). Theveighted average Eom and Efgc, assuming only BC and
weighted-average Bjc (0.23+0.15gkg fuet!) across all  POM contribute significantly to PM, is 53(14)% POM and
engine speeds fdvliller Freemanis on the low end of the  47(+14)% BC, or POM/BC=1.34 #0.9) (Fig. 2). The un-
multi-ship average (0.9% 0.66 g kg fuet!), determined by  certainty on the 2.9 knot plume is large. If this plume is ex-
Lack et al. (2009) for vessels operating MSD engines. Againcluded, the fraction of the Pimass that is POM is observed
this difference may reflect the difference betweenNtfiker to increase slightly as vessel speed increases, with POM/BC
Freemanand the predominately tug boats sampled by Lackranging from 0.6 (6.9 knots) to 3.0 (12 knots), with an av-
et al.(2009). As with the Bfow, the ERgc are observed to  erage of 1.41. This is a result of the gFincreasing less
increase with vessel speed, although somewhat less steeplysteeply with ship speed than gfu (Fig. 1); this may be due

to increased oil consumption at higher speeds. The average
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and range of POM/BC observed here are consistent with 10
both the low-sulfur and the all-vessels results from Lack
et al. (2009) (POM/BG=0.8 and 1.48, respectively), the
plume intercept results from Lack et al. (2011) for tar-
grethe MaerskPOM / BC= 1.3-2.6) and with two of the in-
stack measurements: Jayaram et al. (2011) (POC£BC-

1.4) and Kasper et al. (2007) (POC/E®.7-3), and where
POC is particulate organic carbon and EC is elemental car-
bon. (It should be noted that EC is similar to, but not iden- 5 o4 T 1
tical to BC, as both are defined based on the measurement l
method used. We assume here that BC is interchangeable
with EC. See Petzold et al. (2013) for an extensive dis- 02
cussion. POC is related to POM, but excludes the mass

of non-C atoms. We assume that POM/BC and POC/EC oM
are sufficiently similar in magnitude such that they can be °°7T  ,g4s soks | 6oks | 102ks 12kis
compared. This seems justified given that the POM/POC Vessel Speed During Emission

ratio for ship emissions was previously mea;ured to beFig_ 2. The fraction of PM that is BC (gray) or POM (green) as
~1.2, Murphy et al., 2009.) The POM/BC ratio observed j function of vessel speed, determined from the weighted average
here (and in the above-cited studies) is, however, substaneom and BC EFs.

tially smaller than all other in-stack or test-rig studies, in-
cluding results reported by Petzold and co-workers for a
test-rig MSD operating on MGO (POM/EE€3.6-8.7 and profound influence on the amount of organic carbon mea-
POM/BC=6.9-77) (Petzold et al., 2011a) or heavy fuel oil sured and the POC/EC ratio (Lipsky and Robinson, 2006;
(HFO) (POM/EC=3.8-8.8 and POM/B&-5.2-28) (Pet- Fujitani et al., 2012). Consider also that Murphy et al. (2009)
zold et al., 2010), by Khan and co-workers for a slow-speedfound the POM/BC from plume intercepts to be about half
diesel (SSD) (POC/EE50-74) (Khan et al., 2012a) and that of the POC/EC measured via in-stack sampling for
MSD (POC/EC=3-15) (Khan et al., 2012b) vessel oper- emissions from the same vessel. Given thai&is indepen-
ating on MGO, by Agrawal and co-workers for a few SSD dent of dilution (since BC is non-volatile) while iy can
vessels operating on HFO (POC/E®B-33) (Agrawal et  be highly sensitive to dilution, our results, combined with
al., 2008a, b, 2010) or an auxiliary engine operating onliterature results (e.g., Lack et al., 2009, 2011 and Murphy
MGO (POC/EC=3-10) (Agrawal et al., 2008b). Murphy et al., 2009), indicate a potential for laboratory test-rig and
et al. (2009) report EFs from a single SSD vessel operatingtack-sampling methods to overestimate POM emission fac-
on HFO using both in-stack and plume intercept methods andors from ships and ship engines if sufficient dilution is not
find values larger than those observed here, although with thesed during sampling. (It remains unclear why the Jayaram
in-stack POC/EC<£ 25) nearly twice as large as the plume et al. (2011) stack-sampling and Kasper et al. (2007) test-rig
intercept POM/BC £ 13). studies give a similarly low POC/EC ratio.) Alternatively, it
Plume intercept studies (this work; Lack et al., 2009, 2011;is possible that the difference between our low-sulfur fuel re-
Murphy et al., 2009) measure the POM/BC ratio for emit- sults and the literature studies that used heavy fuel oil could
ted particles at atmospherically relevant dilutions while stud-result from typically greater use of lubricating oil with HFO,
ies that utilize test rigs or that sample directly from the shipwhich could translate to greater emissions of POM. How-
stack will sample at varying dilution factors that depend on ever, this does not seem likely because the ensemble results
the exact methodology employed. Thus, one possible reasoftom Lack et al. (2009), which include vessels with a variety
for the difference between our results and some of the liter-of ages and types, suggest relatively small differences in the
ature could be that the results depend on the methodologiPOM/BC ratio between ships operating on LSFs vs. HFO or
used, with ambient methods (i.e., plume sampling) typically between different engine types.
giving lower POM/BC than direct sampling (e.g., in stack) We note that this discussion is limited to primary POM
measurement methods, likely due to the relatively rapid di-emissions; the loss of POM due to evaporation leads to the
lution experienced by a plume a few minutes downwind of production of gas-phase organic matter, which can photo-
emissions (Petzold et al., 2008) and consequent evaporatiochemically react in the atmosphere on timescales longer than
of semi-volatile POM species. Evaporation of POM may bethe plume transit times encountered here to produce sec-
greater in plume intercept studies compared with direct samendary POM. Thus, it may be that POM is only temporar-
pling, depending on the level of dilution used during sam-ily lost, although the likelihood of re-condensation is depen-
pling and the resultant POM concentrations. This suggestiordent upon a variety of parameters, such as the concentration
is consistent with observations that have shown the dilutionof gas-phase oxidants, temperature, relative humidity, dilu-
ratio used during sampling from diesel engines can have dion, etc. In addition to evaporation considerations, there may

BC
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be substantial differences (and large uncertainties) in the BC — T ——

and EC measurements made using different techniques (Pet- oL 1knots -

zold et al., 2011b) that can also contribute to differences in

reported POM/BC. - .
O £

3.1.3 Particle number and size 30

10 knots

Observed particle number concentration EFs{(iJfor the
Miller Freemanvaried from 1-3x 106 particles kg fuet?
(Table 1). The average ER for all particles with diam-
eters >3nm were larger than for all particles with diam-
eters >12nm (2.3¢0.5) x 10'° vs. 1.5¢0.3)x 10 parti-
cleskg fuetl, respectively). The Egy exhibited no partic-
ular dependence on vessel speed, both fagNERznm and
EFcn,> 12nm (Fig. 1).

It was possible to determine mobility diameter size distri-
butions associated with the emitted particles for some of the
plumes from the SMPS measurements (Fig. 3). This was not
possible for all plumes (specifically, the two 6.9 knot plumes) et
because, due to the narrowness of the plumes in time and the 100
relative timing and long scan time of the SMPS, the plume- Mobilty Diameter (nm)
specific size distribution could not be resolved from the back-rig. 3. Measured number-weighted particle mobility size distribu-
ground (Fig. 3). The median number-weighted mobility di- tions during plume intercepts at different vessel speeds. The solid
ameter gp, m) measured did exhibit some dependence on vestines indicate the distributions measured in the plumes while the
sel speed, increasing from30nm at 2.9 knots, to 48 nm at dashed lines indicate distributions measured adjacent to the plumes
10knots, to 69 nm at 12 knots. This observation is consistenénd represent approximate background size distributions. The abil-
with the observation that Ey, increased with vessel speed ity to distinguish plumg d_istributions from background is not al-
while EFcy was speed independent (Fig. 1). ways appare.nt due to limited (random) overlap of the SMPS scan-

In addition to mobility size distributions, the SP2 was ™n9 cycle with the plume occurrence. However, for the 2.9, 10.2
used to determine volume equivalent diameter number an nd 12knot Intercepts a mode due to p'L.'”?e particles is clear. For

. . N e 2.9knot intercept, the plume was sufficiently long that two full
mass-wglghted size distributions for the rBC compon_ent OfSMPS scans were completed, which are shown as independent size
the particles from 60 nmé vep <300nm (the detection  yistributions.
limits of this SP2). For non-spherical, fractal-like parti-
cles dpvep <dpm (DeCarlo et al., 2004). The SP2 mea-
sures rBC size distributions with much higher time resolu- shift in the ratio between Edx - 5nm and Efen,> 10nm With
tion than the SMPS making it possible to determine uniquedistance downwind of the target vessel (Lack et al., 2009;
plume-specific size distributions for each intercept. The rBCPetzold et al., 2008). For the plumes intercepted here there
number-weighted size distributions for the different plumesis some correspondence between the measureg, BRd
(Fig. 4) indicate that there is one mode that peaké&&p plume age (Fig. 1d), consistent with these previous obser-
~100nm and a second, much higher number concentratiorations and providing additional evidence that coagulation
mode that maximizes at some diameter <60 nm. (It is impor-plays an important role in determining the number concen-
tant to note that the exact shape of the distributions belowtration of particles in ship plumes. Given this, we suggest
100 nm is highly dependent upon the size-dependent countthat the plume intercept method may be generally able to
ing efficiency correction applied; see Supplement for furtherprovide a more robust estimate of the absolutegmost
details.) This is consistent with the rBC number concentra-relevant to the atmosphere since it allows for determination
tions in the plumes, as measured by the SP2, being onlpfthe EFs upon atmospherically relevant dilution factors and
~ 1% of the total CN and with the observation that most timescales. However, in-stack and test-rig studies may allow
of the particles existed withl, m <100 nm (Fig. 3). This also  for a more straightforward measure of the influence of op-

)
)
TTTT T

0 = —

i &me

dNey/dlogD,, (p cm ™) [x10° ]

=

provides a rationale for the systematically smalleggWal- erating parameters (e.qg., fuel type, speed/engine load) on the
ues from the SP2 compared to the other measurement tecleFcn because they can be conducted at constant dilution fac-
nigues. tors.

Particle coagulation can strongly influence the measured Comparing with literature plume intercept studies, both
EFcn, with the extent to which this matters dependent uponthe ER-y and the peak sizes of the particle size distribu-
both how rapidly and by how much the sample is diluted. tions measured here are similar to that observed by Lack et
Plume intercept observations have shown there can be arapal. (2011) 2.5-7.5 min downwind for an ocean-going vessel
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— . T size distribution may rapidly shift as a plume is increasingly
diluted downwind.

Considering in-stack and test-rig studies, Khan et
al. (2012a) observed a very slight increasejim, with ves-
400 104 sel speed at low speed ratios/loads for an SSD vessel oper-
ZOOI- > ating on MGO. Kasper et al. (2007) observed a general, al-
203 — 0. though not monotonic, increase in particle size with engine
1000 10 knots at load for a SSD test rig operating on MDO, and thatckF
800 was relatively constant for alkjpag>1%. In contrast, Pet-
600 zold et al. (2010), using HFO with an MSD test rig, observed

a relatively continuous increase in rand decrease in par-

ticle size with engine load (although with some difference in
EFcn at Fioag= 100 % before/after the engine had warmed
up). However, in a separate study Petzold et al. (2011a) ob-
served that Egy decreased with test-rig engine load for HFO
operation, and that belowy,ag =100 % the dependence of
EFcn on engine load was ambiguous for the same engine
operating on various biofuels. Khan et al. (2012a) observed
a strongly bimodal size distribution when a SSD vessel oper-
ated on HFO, but an approximately monomodal distribution
when the same vessel operated on MGO. Additionally, they
observed particle diameters were typically larger for HFO
operation. Comparison of these various studies suggests that,
in general, HFO operation tends to produce larger particles
compared with LSF operation, consistent with the greater
contribution of p-S@_ to the total PM mass when HFO
is utilized.

T
1000 |- 12 knots
800

600 — 0.6

o
N

=l
o o

|
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.
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rBC Volume Equivalent Diameter (nm)

Fig. 4. Number-weighted (left axis and solid lines) and mass- 3-1.4 Cloud condensation nuclei
weighted (right axis and dashed lines) size distributions for the rBC
component of particles for each plume intercept, averaged over thd he above discussion illustrates that fuel type plays a strong
entire plume. The number-weighted distributions for backgroundrole in determining the emitted particle size distribution. De-
(outside of plume) particles are shown as the grey traces in all panyeloping clearer understanding of the impacts of vessel op-
els. For all but the 2.9 knots plume the observed size distribution iSerating parameters, such as fuel type or speed, e BRd
well above the background. The speed of the RIMer Freeman  apticle size is critical to understanding sources of new par-
corresponding to each plume is indicated on each panel. ticles to the atmosphere, and their potential to ultimately
act as cloud condensation nuclei (CCN). Understanding the
size dependence of emitted particles is important because the
operating a slow-speed diesel engine on HFO or MGOemitted size will determine the probability that a given emit-
(EFcN > 4nm=1.0-1.4x 106 per kg fuel anddp,m = 65— ted particle will survive to grow into the CCN active size
35nm). They also found that gy was approximately con- range (Pierce and Adams, 2007).
stant while particle size increased with vessel speed for this Direct measurements of the Egy were made for all
vessel, although this occurred concurrent with a switch fromparticles with aerodynamic diameters less than 1 pm at su-
operation on HFO to MGO, making it difficult to sepa- per saturations (SS) ranging from 0.3-0.7 %. The CCN in-
rate fuel quality (i.e., sulfur content) from vessel speed ef-strument operated in a mode wherein the SS was varied
fects. The EEn here are also similar to the average ob- with time, and thus the measurements are not consistent
served by Petzold et al. (2008) from an SSD vessel operatingcross all of the plumes encountered. This makes it dif-
on HFO at 85% of max power when plume age >16 minficult to generalize the relationship between CCN number
(EFcN,>13nm=1.4x 106 per kg fuel). TheMiller Freeman and vessel speed from these measurements. The best cov-
EFcn are somewhat larger than the ensemble average mearage was obtained for total sub-micrometer particles when
surements of Lack et al. (2009) for MSD and SSD vesselsSS=0.6% and 0.7 %. The fraction of total CN that were
operating on either LSF or HFO (ER - 5nm=1.25x 10®  CCN active at 0.6% ranged from 0.004 to 0.007 and at
per kg fuel and EEy - 13nm= 0.7 x 10'® per kg fuel). Pet- 0.7 % ranged between 0.008-0.021 (see Table 1). These val-
zold et al. (2008) also report one measured size distributiorues are lower than those observed by Lack et al. (2009) at
for which dp m ~ 75 nm, although they emphasized that the a lower SS, 0.44 %, for a variety of vessels operating on
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higher sulfur fuel (CCN/CN=0.42) or on fuel with <0.5% ious studies using either laboratory test rigs or in-use stack
sulfur (CCN/CN=0.07). They are also lower than obser- sampling have provided insights (Agrawal et al., 2008a, b,
vations at SS0.3% for a single vessel as it operated on 2010; Jayaram et al., 2011; Khan et al., 2012a, b; Petzold
fuel with high sulfur content{ 3%; CCN/CN=0.4), but et al., 2008, 2010, 2011a). If EFs vary with vessel speed,
are similar to observations for that same vessel operating othen they may either enhance or decrease the effect of the in-
fuel with lower sulfur content 0.2%; CCN/CN=0.007) creased fuel economy on the actual emissidng)(because
(Lack et al., 2011)Miller Freemanwas operating on fuel

with sulfur content of~ 0.1 % (see Sect. 3.2). It should be
noted, however, that the higher SS used here should lead tgy =
overall higher CCN/CN, all other things being equal, which Fecon

suggests that the CCN activity of the particles emitted by\yhereE Fy is the emission factor for pollutast (in amount
Miller Freemanwas even lower than that observed by Lack et o x per kg fuel), D is the total distance travelledecon is

al. (2011) and is consistent with the p—$ering asmaller ihe fuel economy (km per kg fuel) anfly is the absolute

EFx

x D, (2

fraction of the total PM in this study. . ~ emissions; both Ef and Feconmay be vessel speed depen-
Our results indicate that directly emitted particles act inef- yant.
ficiently as CCN even at high super saturations£357 %). For the Miller Freemanthe Efpom and Efsc both in-

Additionally, there is less gas-phase sulfur emitted (Sect. 3.2krease with vessel speed (Fig. 1). (All BC emission factors
that could ultimately lead to downwind growth of the emitted from the literature are for equivalent BC.) Since the emit-

particles. Itis evident that the use of LSFs leads to substangeq pn is dominated by POM and BC, Bf, also in-

tially reduced emissions of both direct and potential CCN ¢reases with vessel speed. There have been a few previous
relative to higher sulfur fuels. As has been previously notedmeasurements of vessel speed effects (or more commonly,
(Lauer et al., 2009; Lack et al., 2011; Righi et al., 2011), engine load effects) on BE for individual ships as mea-
this reduction in CCN associated with shifts towards low- gyreq in stack (Agrawal et al., 2008a, b, 2010; Jayaram et
sulfur fuels has substantial implications for the likelihood of ) 2011: Khan et al., 2012a, b), for individual test rigs (Pet-
ship track formation and the current net cooling effect of PM ;44 et al., 2008, 2010, 2011a; Kasper et al., 2007; Sarvi and
emitted by ships —and thus for future regulation of the sulfur zeyenhoven, 2010; Sarvi et al., 2009) or for an ensemble
content of fuel used by ships. However, this climate impactys gjfferent ships using the plume intercept method (Lack
must be balanced with the net benefits to air quality that dext 5., 2008Db). (Note that some of these studies actually re-
rive from reductions in the emitted PM (Arneth et al., 2009). hort ER-, where EC is elemental carbon. As above, we as-
Itis also important to note that since the low-sulfur fuel in gyme here that Bt is interchangeable with Efc.) These

use byMiller Freemanhad a sulfur content of only 0.1%  stydies encompass slow-, medium- and high-speed diesel en-
these results are most applicable to vessels operating in sulfiines (SSD, MSD and HSD, respectively) of various types
emissions control areas in near-shore environments arounghq a variety of different fuel types, including HFO, MGO,
California or the North and Baltic seas. Sulfur content for ppo and various biofuels. Most of the studies were done on
fuels in use by vessels on the high seas is currently limited,egsels/engines substantially newer tharMiier Freeman

by the IMO only to 3.5 %, and it has been suggested that thissrgpeller type was not reported for any of the in-stack stud-
fuel sulfur restriction is leading to decreases in the maximumies ' ajthough for the in-stack studies that investigated larger
sulfur content of fuel used, but are having minimal influence gcean-going vessels it is likely that they operated fixed pitch

on the average (Mestl et al., 2013). propellers. (Propeller type does not apply to test-rig studies.)
o These differences present some challenges in making com-
3.1.5 Influence of vessel speed on emission parisons between different studies, including between the

. o S ~current study and the literature results. Nonetheless, it is in-
Opportunities to measure emissions from individual in- stryctional to consider the dependence observed here in the
operation vessels, especially as a function of vessel speed, aggntext of the literature results to gain insights into how dif-
rare and, as such, only a handful of case-studies are availablgrences in operation influence emissions, and absolute val-
(Agrawal et al., 2008aa, b, 2010; Jayaram et al., 2011; Khanes can be compared independent of the actual speed depen-
etal., 2012a, b; Lack et al., 2011). This is particularly true gence. We assume that for the literature studies the propeller
for measurements of compositionally resolved PM emissiongg,, provides a reasonable method by which the ship speed
and for inter-comparisons of different techniques measuring(Or potential ship speed, in the case of test-rig studies) can
the same pollutant, be estimated, or more specifically the ratio between the op-

Although decreased absolute emissions are expected aSdiating speed and the maximum speed (referred to here as
result of the fuel economy increase as a vessel slows, therg,e speed ratio). Therefore, the engine load values reported
is not yet a clear understanding of how changes to vessel the literature in-stack and test-rig studies have been con-

speed influences fuel-based emissions factors (EFs), i.e., thgsried to speed ratio values using the propeller law.
amount of pollutant emitted per kg fuel burned, although var-
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Adopting the approach of Lack and Corbett (2012) we of scatter in the Efom/ speed relationships, although with
present literature Bt (and Efgc) vs. speed ratio (either di- most literature studies suggesting an increase or being rela-
rectly measured or estimated from the propeller law), anctively flat in the Efpopm at low speed ratios, different than the
where either the absolute values of ggFare considered current study. This may reflect differences in engine/vessel
(Fig. 5b) or where the Eit values have been normalized to operating conditions. Our results are again most consistent
95 % of their maximum speed (equivalent to 85 % load from with the test-rig MGO results from Kasper et al. (2007), who
the propeller law; Fig. 5a). It is important to compare EFs in observed an increase in kg with estimated speed. Also as
the same units (here gkg fué)), and thus the literature re- with EFgc, there is a great deal of scatter between the various
sults have been converted to g kg futfrom gkW-1h=1 as  studies in terms of the absolute fhy values. As discussed
necessary (see Supplement for details of this conversion). lin Sect. 3.1.2, EFom measurements may be influenced by
is evident that there is a great deal of scatter in the combinedhe extent of dilution during sampling, although it is not clear
observations regarding the dependence ogdbn speed how this might influence observations of thedgy/speed
and it is difficult to develop generalized results, although it dependence.
is clear that theMiller Freemanexhibits substantially dif- Despite the large number of points in Figs. 5 and 6, only a
ferent behavior than most other engines/vessels consideretiandful of different engines have actually been tested, which
This may be due to differences in propeller type between thdeaves an open question of the general dependencemf EF
Miller Freemanand other vessels. The absoluteggFval- and Efpom on vessel speed (and engine load), or whether
ues at higher speed ratios for theller Freemanare some-  generalizations can even be determined. We suggest more
what larger than most of the other individual ship studies,plume intercept studies targeting individual vessels would be
although they are within the multi-ship range of values ob-beneficial, although coordinating such studies for measure-
served by Lack et al. (2009) and are comparable to observament of emissions from individual vessels (as in this study)
tions for other vessels encountered during CalNex (Buffaloeis extremely difficult, requiring multiple platforms. Addition-
et al., 2013). At lower speed ratios thBller FreemanEFgc ally, use of a variety of instrumentation to measure BC (or
are well within the range of the individual ship studies. EC) is suggested.

Considering the literature results all together, there ap-
pears to be no clear distinction between studies that utilize3.2 Gas-phase emissions
SSD vs. MSD engines, or between those that use HFO vs. . o . .
LSF. There does appear to be some small distinction betweef™S for gas-phase species are shown in Fig. 7 and given in
the majority of test-rig studies and the majority of stack- 1aPle 1. Efco decreased with increasing vessel speed by ap-
sampling studies; most test-rig studies (with the exceptiorProximately a factor of 3 over the range considered here. In
of Kasper et al., 2007) indicate a decrease ipERith in- contras:t, ERo, increased with increasing vessel .speed. by
creasing speed ratio while most stack-sampling studies (witt@PProximately 20 %. These results are expected since higher

the exception of Jayaram et al., 2011) suggest flat or slightlySPeed operation would likely have resulted in higher peak
decreasing Egc with speed ratio. combustion temperatures and, therefore, greater NO forma-
The present work is the only plume-intercept study that in-ion and lower CO production. Since diesel engines typi-
volved a single ship and is most consistent with the Kasperca”y operate under fuel lean conditions, if the fuel-to-air ra-
et al. (2007) lab study and the Jayaram et al. (2011) stacklio did increase with vessel speed, as we postulated earlier,

sampling study (with the exception of the lowest speed ra_'this would likely accentuate the NOncrease but have min-

tio, which for Jayaram et al. was “idle” while in ours it was IMa! influence on CO. The Efcro are inversely correlated
slow travel). The reason for the apparent similarity of the cur-With Floas For all but the lowest speed plume, the relation-

rent work with these particular studies is not clear becausé&niP between E¢o and Efxcro is consistent with previous
they had used the same, or very similar, sampling methogobPservations from Williams et al. (2009). Our observations of

ologies as the other stack-sampling and test-rig studies. Thi§Nox and Efco exhibit the opposite dependence of that ob-
may simply be an indication of the study-to-study variabil- S€'Ved by Khan et al. (2012a) for operation of a SSD engine

ity. The ensemble study of Lack et al. (2008b), in which EFs©°" MGO, although agree with the_ir observations when the
were determined from plume intercepts from multiple ships SNiP operated on HFO. For comparison, Agrawal etal. (2010)

(excluding tugs), with each ship typically sampled at one sin-found little dependence of CO or NCGEFs on engine load
gle speed, does not suggest a clear dependencesf & for a SSD container ship operating on HFO. The reason for

speed: this may simply reflect that the ship-to-ship variabilitythese differences is unclear, but could be related to engine or

is larger than any vessel speed/engine load effect and demoRYOPeller type. Our results for CO suggest that, for smaller

strates the need for further studies that focus on the behaviofeSSels such as tiéiller Freeman the decrease in absolute

of individual vessels. emissions from increased fuel economy at reduced speeds
Literature results for Efom (or EFroo) as a function of ~ May be offsetto some extent by an increase ind;Whereas

speed ratio are shown normalized to 95 % (Fig. 6a) or as abth® decrease in kfo, may enhance emissions reductions.

solute values (Fig. 6b). As with Bk, there is a great deal
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Stack Sampling Studies
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Fig. 5. Emissions factors (in g per kg fuel) for black carbon (BC), elemental carbon (EC) or the “filter smoke number” (FSN) as a function of
the vessel speed ratio for multiple stud{®#3 normalized to a speed ratio of 95 % (which corresponds to 85 % load using the propeller law)
load and(B) as absolute values. All BC emission factors correspond to equivalent BC, with the exception of the current study, which is the
uncertainty weighted-average from the four measurement methods. The speed ratio is the ratio between the operating speed and the maximu
ship speed, and for the test-rig and stack-sampling studies was estimated from the reported engine load using the propeller law. The legen
groups the studies by measurement methodology: plume intercept, test-rig and stack sampling. The symbols in the legend indicate which
studies were performed on the same engine or ship. The legend names indicate the study, measured parameter (BC, EC or FSN), engine tyy
(MSD or SSD) and fuel type (HFO or low-sulfur, including biofuels, MDO and MGO). For the Sarvi studies, the additional information
given after the engine type indicates a variation in the engine operation over the base case and includes use of a common rail injection systen
(CR), direct water injection (DWI), or variation in the fuel nozzle open pressti®)( The downward green arrow indicates that the actual

EF reported for this point was actually zero.

The values of Efo, were independent of vessel speed. 4 Implications
We would not expect Edp, to depend strongly on engine
load since it is primarily dependent on the sulfur content
of the fuel. This is similar behavior as observed by Khan Our results provide a useful case study of the dependence of
et al. (2012a). The low value of EB, confirms thatMiller PM and trace gas emissions factors on vessel speed as mea-
Freemarwas indeed burning low-sulfur fuel, which we esti- sured from a real-world MSD vessel, representative of many
mate to be 0.09% 0.011 % sulfur by weight based upon the harbor craft vessels operating on low-sulfur fuel. The ob-

average EFo,, a negligible EF for p_gg)‘ and the assump- served increase in PM mass EFs with vessel speed suggests
tion that SQ emissions are very small. that slower speed operation of these vessel types may lead to

substantially lower emissions, especially since slower speed
operation also corresponds to (typically) better fuel economy.
One aspect not considered here is that harbor craft vessels op-
erating near-shore or in inland waterways may be subject to
frequent speed changes, and we do not have measurements
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Fig. 6. Emissions factors (in g per kg fuel) for primary organic mat-

ter (POM) or primary organic carbon (POC) as a function of the b :
tt HCHO, CO, S NG (as NO funct f I
vessel speed ratio for multiple studigs) normalized to 85 % load sseg(tin) '  S@and (as ) asafunction of vesse

and(B) as absolute values. The speed ratio is the ratio between the
operating speed and the maximum ship speed, and for the test-rig

and stack-sampling studies was estimated from the reported enging jitterent vessels or engines for which measurements have
load using the propeller law. The symbols in the legend IndlCatebeen made, makes it difficult to establish whether engine type

which studies were performed on the same engine or ship. The leg- . .
end names indicate the study, reported parameter (POM or POC)(?_r fuel type affects the EF/speed relationship. Although lo-

engine type (MSD or SSD) and fuel type (HFO or low-sulfur, in- glstipally more challenging, we suggest that plume intercept

cluding biofuels, MDO and MGO). The downward green arrow in- Studies, which allow for measurement of EFs under actual

dicates that the actual EF reported for this point was actually zero. atmospheric dilution conditions, may provide for EFs that
are most relevant to the actual atmosphere, and thus to emis-
sion inventory development. We additionally suggest that,

. . whenever possible, multiple measurement techniques be em-
as to how the EFs respond to rapid a_cceleranon; we SUQQG?}oned, especially for BC (or EC). Our measurement of BC
such measurements would be useful in future studies. EFs at atmospheric relevant dilution levels using multiple

More broadly, comparison with literature results demon- nethodologies (e.g., photo-acoustics, filter-based absorption,
strates that challenges exist in developing a generalizeghser jnguced incandescence and aerosol mass spectrometry)
EF/speed (or engine load) relationship, in particular for PMg,gqest that the SP2 underestimates BC emissions relative
emissions, because results from individual studies may degq other methods, likely due to methodological limitations.
pend on the measurement methodology used: plume intefye g ggest that, barring additional improvements in field-
cept (this study and others (Lack et al., 2008b, 2009, 2011yenoyable laser-induced incandescence methods (e.g., Chan
Petzold et al., 2008)) vs. in-use stack sampling (Agrawal €tgt 5| “2011), that light absorption techniques may provide
al., 2008a, 2010; Jayaram et al., 2011; Khan et al., 20128y, most robust and accurate determination ofERFUr-

b; Murphy et. al., 2009) vs. tes’F-rig sampling (Petzold et al"t_her consideration of the influence of vessel speed and engine
2010, 2011a; Sarvi et al., 2009; Sarvi and Zevenhoven, 201,Qoad on other engine and ship types remains necessary.

Kasper et al., 2007). This is true even if the current study is

excluded. Also, it is clear that there is a great deal of vari-

ability in the absolute emissions between different vesselsSupplementary material related to this article is
perhaps not surprising given the variety of different engineavailable online athttp://www.atmos-chem-phys.net/14/
types and ages considered in the various studies (Table S1)337/2014/acp-14-1337-2014-supplement.pdf
Methodological limitations, along with the limited number

Fig. 7. Measured emissions factors, inXgper kg fuel for (top to
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